Abstract Powered, flapping flight has evolved at least four times in the Animal Kingdom: in insects, birds, pterosaurs, and bats. Although some aspects of flight mechanics are probably common to all of these lineages, each of the four represents a unique solution to the challenges of maneuverable flapping flight at animal length scales. Flight is less well documented and understood for bats than birds and insects, and may provide novel inspiration for vehicle design. In particular, bat wings are made of quite flexible bones supporting very compliant and anisotropic wing membranes, and possess many more independently controllable joints than those of other animals. We show that the mechanical characteristics of wing skin play an important role in determining aerodynamic characteristics of the wing, and that motions at the many hand joints are integrated to produce complex and functionally versatile dynamic wing conformations.
I. Introduction
At the scale of micro air vehicles, bats exhibit extraordinary flight capabilities that arise by virtue of a variety of unique mechanical and neurophysiological features. Indeed, bat flight combines exceptional energetic efficiency and extraordinary maneuverability; for example, in the common body size range of large insects, small birds, and small bats, hovering flight in bats is 40% and 60% less costly metabolically than that of hawkmoths and hummingbirds respectively [1] [2] [3] . To unravel the mechanistic basis of bat flight, and thereby to identify specific features that could be applied to human-engineered designs, we must identify the most functionally relevant components of the flight apparatus and ascertain their performance during normal flight behavior.
Given our goal of understanding those aspects of flapping flight that differ among bats, birds, and insects, we focus here on aspects of the structural design of bat wings that uniquely distinguish them. Bat wings possess 1) more than two dozen joints which can be controlled independently to come degree; 2) bones that deform adaptively during the characteristic motions of the wingbeat cycle 4 ; 3) tremendously anisotropic wing membrane skin with both substantial variation and adjustable stiffness across the wing 5, 6 ; and 4) a distributed network of skin sensory organs believed to provide continuous information regarding flows over the wing surfaces 7, 8 . The first three of these characteristics, the foci of this study, together produce wing surfaces whose geometry and kinematics are far more complex spatially and temporally than the classic literature regarding bat flight would suggest ( Figure 1 ). Our long-term goal is to relate the detailed structure and motions of the bat wings to the production of aerodynamic force, and to understand how bats manipulate their flight apparatus to achieve steady flight, maneuvers, take-off and landing. This will ultimately require studies that incorporate kinematic analysis, experimental and theoretical fluid dynamics, materials science, and neurobiology, but important advances can be made in each of these subjects independently as we progress towards a more integrative understanding.
One primary obstacle to advancing our understanding of bat flight to date has been an absence of detailed kinematic information at high temporal resolution; such data can provide tests of the robusticity of existing fixedwing models of bat flight, including assumptions concerning the nature of the wingbeat cycle, the relative uniformity of wing shape, rigidity of the wing, etc. [9] [10] [11] [12] We explore here the dynamic anatomy of the bat wing in flight, with particular attention to those aspects of wing structure that are most likely to fundamentally influence aerodynamic performance. Specifically, we ask: 1) Does the entire wing move in synchrony through a two-phase (upstroke vs. downstroke) wingbeat cycle that can be linked directly to cyclic generation of aerodynamic force?
2) To what degree does the skeleton remain rigid during the movements of the wingbeat cycle? 3) To what extent does the skin of the wing membrane stretch and recoil during flight?
II. Study Design
Lesser short-nosed fruit bats, Cynopterus brachyotis, were the subjects of these studies. We chose this species for analysis because they thrive in captivity, respond well to handling and training, and, at 35-45 g body mass and 30-40 cm wingspan, are an appropriate size for windtunnel studies. This species is native to many forested areas of Southeast Asia, and possesses the highly developed visual system characteristic of most nocturnal vertebrates, but does not echolocate as do approximately three-quarters of bat species 13 . Study subjects were drawn from a captivebred colony (Lubee Bat Conservancy; Gainesville, Florida). All subjects were female, eliminating sex-specific variation. For studies of straight (non-turning) flight, key anatomical landmarks of animal subjects were marked with an array of high-contrast markers on the undersurface of one wing (Figure 2, 3) . Marker sites were chosen to allow reconstruction of motion of anatomical landmarks and to facilitate measurements of strain in wing bone and specific regions of the wing membrane during flight. All experiments were approved by the appropriate Institutional Animal Care and Use Committees. To obtain adequate anatomical detail over an multiple wingbeat cycles at forward velocities at or greater than several body lengths per second, we required a windtunnel appropriate for biological research. The Harvard University -Concord Field Station (HU-CFS) windtunnel is an open-circuit tunnel with a closed jet with a 1.2x1.2x1.4m test section, able to operate at wind speeds up to 28.5 m/s (see ref. 14 for further detail regarding the HU-CFS wind tunnel). We documented flights over a range of speeds; we report here on flights near the extremes of the recorded range, at 3 m/s, hereafter designated slow flight, and at 8.6 m/s, hereafter designated fast flight. Because of the challenges of accurately measuring flight speeds in the field, we do not know what fraction of the animals' true speed range these values represent, but they are capable of hovering for at least several seconds, and are likely able to fly faster than the highest speed we elicited in the wind tunnel, hence these values do not reach the extremes of flight performance in this species.
Animals were trained to fly in the windtunnel test section using positive reinforcement. Although individuals vary in their windtunnel performance abilities, several animals are capable of flying for many consecutive wingbeats without landing. This report focuses on extended flights of one such individual; future work will include comparisons among individuals. Preliminary investigation have also been unable to identify any significant differences in kinematics between windtunnel and free forward flight in this species.
Three high-speed digital cameras (Photron Fastcam 1280 x 1024 pixels, 1000 images per second) were employed to capture the wing and body motion. Post-processing of the high speed videos using the Direct Linear Transform (DLT) method merges the separate 2D camera views into a single 3D coordinate space and yields the unsteady three-dimensional motion of the entire wing-body system 15, 16 . A DLT root mean square (RMS) error was calculated for each point at every frame. The RMS error varied from frame to frame, with median error 0.5 cm, 1.25% of the measurement range.
III. Results

A. Definition of the Wingbeat Cycle
The bat locomotor cycle is typically subdivided into a downstroke phase and an upstroke phase. Although authors vary in their definitions of these phases, most define downstroke as the portion of the wingbeat between the time the wingtip reaches its highest and lowest vertical excursions 10, 11, 17, 18 .
Peak amplitudes along the wingspan
At slow speed (3 m/s), the wingtip oscillates at a mean of 8.8 cycles per second, with the wingtip decreasing height for an average of 56 ms (47%) of the 118 ms mean wingbeat period. At high speed (9 m/s), the wingtip oscillates at a mean of 9.9 Hz, with the wingtip moving downward for 51 ms of the 100 ms mean period (Figure 4 , 5). Moving toward the body midline, the other primary anatomical landmarks along the wing's primary skeletal axis reach the extremes of their cyclical motion out of synchrony with the wingtip. On average, at slow speed the metacarpophalangeal joint of the third digit (third digit 'knuckle' or MCP III) reaches the bottom of its vertical cycle 6.9 ms after the wingtip, the carpus (wrist) reaches it nadir 1.3 ms later, and the shoulder is delayed by an additional 13.7 ms. At high speed, the respective delays are 3.4 ms for the MCP, 2.8 ms more for the wrist, and 19.4 ms for the shoulder. Hence, different spanwise regions of the wing undergo maximal displacements at different times and the relative delay of specific anatomical landmarks changes with velocity. 
Peaks in amplitude in vertical and horizontal directions
In a simple wingbeat cycle of a rigid wing, the horizontal (both fore-aft and side-to-side/in-out) oscillations of a given anatomical landmark will be synchronized with the vertical oscillations. In C. brachiotis, the wingtip reaches its maximum excursions in vertical, fore-aft, and spanwise directions at quite different times in the cycle (Figure 4 ). This pattern is repeated for all skeletal landmarks, including the tip of the fifth digit (the primary chordwise skeletal support of the outboard portion of the wing) ( Figure 6 ) and the metacarpophalangeal joints of both third and fifth digits ( Figure 7 ). For some anatomical landmarks, such as the tip of digit III, vertical and and side-to-side motions of nearly coincide, and for others, such as the tip of digit V and the MCP joint, these peaks are offset by 5-28% of the wingbeat cycle. For many landmarks, the peaks in fore-aft motion occur during the first third of upstroke, when the wing is near its lowest vertical position. For the fifth digit, however, fore-aft peaks may be nearly coincident with vertical peaks. 
Speed effects
As C. brachiotis bats increase flight speed, wingbeat period decreases, and the maximum vertical excursion of the wingtip increases ( Figure 8 ). In addition, numerous smaller-scale changes in the details of wing kinematics occur. For example, motions of the shoulder change with speed, going from relatively simple to more complex vertical trajectories. Although the wingtip excursion increases with speed, the shoulder shows an overall decrease in peak excursion in fore-aft, side to side, and vertical directions ( Figure 9 ). 
B. Skeletal Deformation Changes in Bone Deformation through Wingbeat Cycle
Measurements of distance between the endpoints of the elongated, slender bones of the wing clearly demonstrate substantial bending during the wingbeat. These changes appear to be directly related to patterns of wing motion, with bone length maxima and minima occur at regular points in the wingbeat cycle (Figure 9, 10) . For example, the distal phalanx of the third digit is bent throughout the nearly the entire cycle, reaching its nominal resting length for only brief periods during upstroke ( Figure 10) ; the loading-induced curvature is so great that the straight-line end-toend length of this bone is only 45-55% of its resting length during much of the wingbeat (Figure 9 ). Large deformations of the skeleton are not observed solely in the wingtips. The third metacarpal, for example, is bent to less than 55% of its original length in most wingbeats, even in slow flight ( Figure 11 ). There is noticeable difference among distinct regions of the wing, with the bones of the third digit undergoing much larger deformations than the bones of the fifth digit, oriented in the chord-wise direction. For most bones, the magnitude of deformation varies with speed; in the metacarpals and phalanges, strain magnitudes appear to decrease with increasing speed. 
C. Membrane Deformation
Measurement of the deformation of regions of the wing membrane show a strong dependence of membrane deformation on direction of measurement, as well as clear differences in deformation patterns among anatomical Fig. 8 ).
Motions of the shoulder in all three directions change with increasing flight speed. At high speed, the shoulder remains closer to the animal's CoM (near the 0 position on the y-axis), despite greater excursion of the wingtip (see
Figure 10. Bone length changes. Length of the distal phalanx of the third digit (red), the last bone of the wingtip, changes in synchrony with the wingbeat cycle in fast flight. Bone length is maximum (resting length) only during a small portion of the upward motion of the wingtip.
Figure 11. In slow flight, the length of the third metacarpal, the first spanwise bone from the wrist, changes during the wingbeat, with greatest deformations occurring during the middle portion of the upward motion of the tip. Deformations of this bone are less than for the wingtip.
regions of the wing (Figure 12-14) . For slow flight, wing skin elongates parallel to leading or trailing edges more than in the chordwise or oblique directions in the propatagium ('leading edge flap, Figure 12) , the plagioptagium or armwing (inboard portion of the wing, Figure 13) , and all sections of the dactylopatagium or handwing (outboard portion of the wing, Figure 14 and 15) , although the magnitude of this effect is rather small in the region of the wing bounded by the fourth and fifth digits ( Figure 15 ). Most skin regions are at or near their greatest stretch during the second quarter of the wingtip's downward motion. In the handwing, relatively full stretch is first achieved earlier in the wingbeat cycle, well before the wingtip has reached its greatest vertical excursion (Figure 14, 15) . These regions of the wing also show significant increases in skin stretching at the beginning of the upward motion of the wingtip, although in the propatagium and armwing upward motion of the wingtip typically corresponds to a decrease in skin tension (Figure 12, 13 ). 
IV. Discussion
A. Defining the wingbeat cycle
Descriptions of all types of animal locomotion partition typical cyclic motions into phases such as stance and swing, propulsion and recovery, and upstroke and downstroke; these descriptors are non arbitrary, but instead have significant meaning in the mechanics, energetics, and even neural control of locomotion 19, 20 . This kind of framework, although most developed for terrestrial locomotion, has been successfully applied to the flight of birds, insects, and bats 17, [21] [22] [23] [24] . For insects, in which the wing is a single, unjointed structural unit, it is clearly possible to unambiguously distinguish upstroke and downstroke. And, the most widely accepted notion of gait in vertebrate flight is rooted in the notion that the wingbeat cycle of birds and bats can be subdivided into upstroke and downstroke and that these phases are not only distinct kinematically but also differ fundamentally in aerodynamic force production 25 . Bird wings possess several joints that can be controlled independently, and bird flight research has successfully conceptualized the wing as a quite rigid, nearly planar structure that moves as a whole or in two to three parts, through space. In these contexts, the notion of a distinct up-vs. downstroke is clearly meaningful, and additional aspects of wing motion, such as rotation about the wing's long axis, can be understood in an upstroke/downstroke framework.
In bats, however, seven to eight independently controllable joints are interposed between the body axis and the wingtip, and the separate fingers of the primitive mammalian hand structure retain significant autonomy. Moreover, wing membrane skin is exceptionally compliant 6 , and bones may bend under aerodynamic loading. Together, these characteristics produce wings with great potential to take on a rich diversity of three-dimensional conformations that can reconfigure dynamically in many complex ways. Here, we find no non-arbitrary way to subdivide the wingbeat into upstroke and downstroke. The upward motion of the humerus at the shoulder joint occur before those at the wrist, which are, in their turn, before those of the fingers and finally the wingtips. The motions of the third digit, the wing's primary spanwise support, and the fifth digit, the chordwise support, are not synchronous. And, perhaps most importantly, the vertical, side to side, and for-aft motions of any one wing joint may be nearly completely out of phase.
The terms 'upstroke' and 'downstroke' as used in the animal flight literature are thus rather misleading when applied to bat flight. The vertical motion of the wingtip has no special anatomical or functional significance; we could arbitrarily partition the wingbeat cycle by the vertical motion of the shoulder or wrist, the maximum and minimum values of tip fore-aft motion, etc. When it is useful to think of subdivisions within the wingbeat, we propose that it will be necessary to select criteria based on the nature of the question at hand, and to communicate definitions in a clear, unambiguous manner. This issue may take on particular importance in considering issues such as the potential existence of flight gaits. Answering questions about whether lift is restricted to the downstroke at low speeds requires a clear definition of downstroke that relates in a meaningful way to the hypothesized mechanistic basis for distinct gaits. We believe that it is unlikely that bat flight will be readily analogized to terrestrial locomotion, in which each limb alternates between a propulsive support and a non-propulsive swing phase. Instead, better progress may be made by viewing force production during bat flight as continual but constantly changing in magnitude and orientation.
B. The role of bones
Most researchers believe that the primary mechanical function of the bones of the vertebrate limb is to resist and transmit loads. Bones thereby function as rigid levers about which muscles can exert moments; these moments cause relative rotations and translations of adjacent bones at joints, and the geometry of these relative motions is constrained by the three-dimensional configurations of mating joint surfaces. To date, analyses of bird and bat flight have largely assumed that this view, derived primarily from research on medium to large terrestrial vertebrates, will apply to aerial vertebrates as well. Our results show that wing bones of bats achieve their mechanical functions in a more flexible and dynamic fashion, deforming and recoiling with every wingbeat.
Given that bat wing bones vary in external dimensions, cross-sectional geometry, and mineralization 4, 26, 27 , and that aerodynamic forces vary throughout any given wingbeat cycle, with velocity, etc., there is a large domain of possible patterns of skeletal deformation during flight. Some particularly robust bones, such as those of the arm and forearm, undergo little or no deformation, wile the slender, tapered, and poorly mineralized bones on the wingtips may never reach full resting length during flight. These dynamic patterns of bone bending will be a key determinant of the three-dimensional conformation of the wing at a particular moment in the wingbeat cycle, and the interactions of the mechanics of the wing skeleton with relevant aerodynamics may be a particularly important area of future study.
C. The role of skin
The wings of traditional human-engineered aircraft are rigid and thus characterized by a constant camber. The skin of the bat wing, however, is highly compliant 5, 6 , and thus can undergo substantial changes in shape and camber when experiencing variable aerodynamic forces. Recent work from our group and others has shown that at biologically relevant Reynolds numbers, even a low degree of compliance can have substantial effects on aerodynamic performance of simple airfoils [28] [29] [30] . The work presented here shows that bat wing membrane skin is not fully stretched through the downstroke, nor is it at maximum stretch for all wing regions simultaneously. In fact, although these measurements convey the maximum length between markers achieved during a particular flight, we do not presently know whether this approaches the maximum stretch the skin can withstand, or even if flight brings the wing skin into the linear region f the J-shaped skin stress-strain relationship 6 . Future work that documents the lengths between skin markers at full extension will help to clarify these issues.
The skin stretching we observe clearly varies with orientation within the plane, or more accurately, the surface, of the wing, and across specific anatomical regions. In particular, the strains along the leading and trailing edges and in the spanwise direction away from the wing edges are greater than those in the chordwise direction. At least two phenomena, not mutually exclusive, may contribute to this pattern. First, the distribution of pressure on the wing surface is complex and dynamically evolving, and could differentially stress the membrane in different directions; even a simple pressurized cylinder will have different wall stresses in the longitudinal and circumferential directions. Second, deformations are constrained by the mechanical characteristics of the material, and bat wing membrane skin is highly anisotropic, with stiffness in the chordwise direction typically more than 100-fold greater than that in the spanwise direction. Hence, even with a uniform pressure distribution, we would expect greater spanwise stretching. Indeed, it is perhaps more remarkable that the spanwise and chordwise skin strains are so similar, given the extreme anisotropy of the membrane.
These results further suggest that the manner in which biologists traditionally measure wing area from bats 31, 32 may not capture the relevant surface areas for understanding aerodynamics. The wings of bats do not appear to reach a fully extended condition, even when the wingtip is at shoulder height. Future comparative studies will help clarify how wing area may vary for an individual depending on the flight behavior, and how these patterns vary among bat species, and such studies could help define more useful and physically relevant measures of wing size and shape.
Further variations in wing area may arise through passive interactions between aerodynamic forces and mechanical characteristics of wing skin, or may perhaps be actively controlled by the precise positioning of wing bones with respect to one another and/or position of the hindlimbs. Ongoing kinematic analysis not detailed here shows that the hindlimbs of these bats change posture during flight, moving apart from one another during the part of the cycle when the wing mostly moves downward, and coming together during the mid-body (sagittal) plane during the wing's upward motion. Moreover, activity of intrinsic wing musculature has the potential to modulate membrane mechanical characteristics, and to change how the membrane deforms by changing its stiffness and/or anisotropy. Kinematic analysis alone cannot distinguish whether this motion is actively controlled by activity in the muscles surrounding the hip joint or is a passive consequence of tension within the membrane pulling the hindlimbs more forcefully during some parts of the wingbeat cycle. However, this question could be resolved by direct measurement of the electrical activity of hip and thigh musculature during flight using electromyography.
The patterns of skin stretching that we observe here suggest that local curvature in the wing membrane may be highly variable. In a sense, there is potential for camber to vary along the wing's length and throughout the wingbeat cycle. Documenting these patterns and exploring their potential aerodynamic significance remain significant challenges for the future.
V. Conclusion
Bats are distinctive in several important ways that we believe will prove crucial to understanding the mechanistic basis of bat flight. First, the complex, highly multijointed structure of the wing gives rise to considerable kinematic and mechanical complexity that may be relevant for aerodynamics. We propose that one important part of exploring this complexity will be to develop effective methods for describing bat wing motions in flight; although insects and birds are characterized by wingbeat cycles with distinct up-and downstrokes at a particular stroke angle and amplitude, such descriptors may fail to capture relevant aspects of how bats move their wings. Although novel descriptors of flight may complicate comparisons among bats and the other flying animals, we suggest that the complexity of the dynamic spatial configurations of bat wings is critical to the generation of aerodynamic forces, and that oversimplifying the real complexity of bat wing motions will limit our ability to unravel the mechanistic basis of bat flight.
Both kinematic patterns the relative wing rigidity clearly differ among the three extant lineages of flying animals, and the ways in which bat structure and motion are unique may have important consequences for flight performance. Just as bird flight dynamics are importantly influenced by the interactions of aerodynamic forces and primary feathers, particularly toward wingtips, we must begin to think of the interaction between forces and wing bone bending as important elements in the overall picture of bat flight. Perhaps even more importantly, the skin of bat wings behaves in a highly compliant fashion that is distinct from how wing surfaces of insects and birds operate.
